Controlled protein degradation mediated by ubiquitin/proteasome system (UPS) plays a crucial role in modulating a broad range of cellular responses. Dysregulation of the UPS often accompanies tumorigenesis and progression. Here, we report that Smad ubiquitination regulatory factor 2 (Smurf2), a HECT-domain containing E3 ubiquitin ligase, is upregulated in certain breast cancer tissues and cells. We show that reduction of Smurf2 expression with specific short interfering RNA in metastatic breast cancer cells induces cell rounding and reorganization of the actin cytoskeleton, which are associated with a less motile and invasive phenotype. Overexpression of Smurf2 promotes metastasis in a nude mouse model and increases migration and invasion of breast cancer cells. Moreover, expression of Smurf2CG, an E3 ligasedefective mutant of Smurf2, suppresses the above metastatic behaviors. These results establish an important role for Smurf2 in breast cancer progression and indicate that Smurf2 is a novel regulator of breast cancer cell migration and invasion. [Cancer Res 2009;69(3):735-40] 
Introduction
Regulated protein degradation by the ubiquitin/proteasome system (UPS) is often a critical control step in a variety of cellular functions (1) . This process is initiated by protein ubiquitination, which is carried out by three sequential enzymes: ubiquitinactivating enzyme (E1), ubiquitin-conjugase (E2), and ubiquitin ligase (E3). The E3 ligase is of particular importance because it usually comes in direct contact with protein substrates, thereby playing a crucial role in defining substrate specificity. The significance of the UPS in cancer is underscored by frequent tumor-susceptible mutations targeting the ubiquitination enzymes, and by the recent success in therapeutic use of proteasome inhibitors.
Smad ubiquitination regulatory factors 1 and 2 (Smurf1 and Smurf2), two members of the HECT family of E3 ligases, were identified based on their activities to modulate transforming growth factor (TGF)-h/BMP signaling by inducing ubiquitin modification on Smads; however, subsequent studies have expanded the repertoire of Smurf substrates, such as RhoA, Runx2, and MAPK kinase kinase 2, to both within and outside the TGF-h/ BMP pathway (2) . Smurf1 was further found in a RhoA-containing complex at the leading edge of cell lamelipodium, suggesting that this E3 ligase participates in controlling cell polarity and movement (3) . Likewise, Smurf2 may also have a role in controlling cell movement because it can catalyze ubiquitination of Rap1B, an essential factor for the establishment of neuronal polarity (4) . Moreover, elevated Smurf2 expression has been reported to correlate with poor prognosis in patients with esophageal squamous cell carcinoma (5), although it was not clear whether such correlation reflected a direct effect of Smurf2 or merely a consequence of tumor progression. Here, we report that Smurf2 expression is also elevated in certain breast cancer tissues and several cell lines and show that elevated Smurf2 expression promotes the aggressiveness of breast cancers by enhancing cell migration, invasion, and metastasis.
Materials and Methods
Cell culture. Breast cancer cell lines T47D, MDA-MB-231, HS-578T, BT-549, MCF-7, MDA-MB-435; prostate cancer cell lines PC-3 and DU145; ovarian cancer cell lines NCI/ADR-RES, OVCAR-4, OVCAR-3, OVCAR-5, OVCAR-8, IGR-OV1, A2780, and SK-OV-3 were obtained from the DCTD Tumor Repository of the National Cancer Institute. Primary human mammary epithelial cells (HMEC) were purchased from Cambrex. Immortalized normal human breast epithelial cell line MCF-10A and breast cancer cell line MDA-MB-468 were from American Type Culture Collection. Metastatic breast cancer cell line MCF10Ca1a (6) was maintained in DMEM/F-12 supplemented with 5% horse serum.
Expression plasmids and retroviral infection. Retroviral vector, pBabe-puro, was used to express FLAG-tagged Smurf2 and Smurf2C716G (7) . Viral production and infection were done as described (8) . Stable MCF10Ca1a cells were established after infection with empty vector, pBabe-FLAG-Smurf2, or pBabe-FLAG-Smurf2C716G retroviruses under puromycin selection (8 Ag/mL).
RNAi experiments. Target sequences for siRNA used are as follows: nonsilencing (5 ¶-AATTCTCCGAACGTGTCACGT-3 ¶), Smurf1 (5 ¶-AACCTTG-CAAAGAAAGACTTC-3 ¶; ref. 8) , and Smurf2 (5 ¶-GCAGTTAATCCGGAA-CATTTA-3 ¶). Oligofectamine (Invitrogen) was used to deliver of siRNAs into cells (9) . Briefly, for 1 well of a 12-well plate, 1.68 Ag siRNA duplex (6 AL of 20 Amol/L siRNA duplex) in 100 AL of Opti-MEM were mixed with 6 AL of OLIGOFECTAMINE Reagent in 100 AL of Opti-MEM. After incubating for 20 to 25 min at room temperature, the 200 AL of siRNA-OLIGOFECTAMINE was added to cultured cells (40-50% confluent) in 400 AL of Opti-MEM. Regular medium (600 AL) containing 20% fetal bovine serum (FBS) was added to the transfected cells at 3 h after transfection. Two days posttransfection, cells were harvested for Westernblot or starved overnight before migaration or invasion assay.
Western blot, immunofluorescence, and immunohistochemistry. Breast cancer tissue array BR801 with matching normal tissues was from US BioMax, Inc. Immunohistochemistry of the array was analyzed by a board certified pathologist (Dr. Anver). Methods for Western blot, immunofluorescence, and immunohistochemistry were described previously (7, 8, 10 H]-thymidine was measured as described (10) . Cell migration and invasion assay. Cell invasion assay was performed in Matrigel Invasion Chambers (BD Biosciences). Cells were starved overnight in serum-free medium before the experiment. MDA-MB-231 (2.5 Â 10 4 ) or MCF10ACa1a (1 Â 10 5 ) in 0.2 mL serum-free medium containing 0.1% bovine serum albumin (BSA) or 0.1% horse serum, respectively, were added to the upper well of transwell chamber. Conditional medium (0.6 mL) from NIH3T3 cells or complete medium containing 10% FBS were added to the bottom well for MDA-MB-231 or MCF10ACala cells, respectively. Conditional medium from NIH3T3 cells was generated by incubating NIH3T3 cells at 90% confluence for 2 d with DMEM containing 10% FBS. After incubation for 40 h at 37jC, cells remaining in the top well were removed by swiping with cotton swabs thrice to allow for specific staining of cells on the underside of the membrane using the DiffQuik stain kit (Dade Boehringer). All cells on the membrane were counted under microscope.
Transwell migration assays were performed essentially as the invasion assays above except that a 6-mm Biocoat Cell Culture Control Inserts (BD Biosciences) was used instead of the Matrigel inserts. Migrating MDA-MB-231 or MCF10ACa1a cells were counted after incubation at 37jC for 5 or 25 h, respectively. Cells on 50% of the membrane area were counted and extrapolated to 100% of the membrane surface. All migaration and invasion experiments described in the article were performed in triplicates and repeated three to five times.
Metastasis assay. Four-to 6-week-old female athymic nu/nu mice were injected i.v. with 5 Â 10 5 cells in 0.2 mL of DMEM/F12 through the tail vein. Five weeks after injection, mice were euthanized and examined grossly at necropsy for the presence of metastases in internal organs. Animal care was provided according to the US Public Health Policy and Guide on the Care and Use of Laboratory Animals. Quantification of metastases in the lung was performed as described (11) . Statistical analyses were performed using a two-tailed Student's t test.
Results
Expression of Smurf2 is elevated in human cancer tissues and cell lines. To explore the possibility that Smurf2 plays a role in carcinogenesis, we first screened for Smurf2 expression in breast cancer tissue arrays by immunohistochemistry. Like Smurf1, immunostaining of Smurf2 was detected in normal mammary gland in both cytoplasm and nucleus of luminal epithelial cells (Fig. 1A, A4 , D6, and E10). Comparing to their matching normal tissues in the surrounding, 17.5% or 30% of mammary ductal carcinomas in the array displayed elevated Smurf1 or Smurf2, respectively, and the Smurf1 and Smurf2 in the tumor cells appeared to be exclusively in the cytoplasm (Supplementary Table; Fig. 1A, A3, D5, and E9) . Interestingly, only two carcinomas have elevated expression of both Smurf1 and Smurf2, others showed either elevated Smurf2 or Smurf1 expression with the other Smurf unchanged or down-regulated (Supplementary Table; Fig. 1A) .
We next examined the expression of Smurf1, Smurf2, and several components of the TGF-h pathway in 7 breast cancer cell lines to substantiate the above finding. As controls, we included a primary and an untransformed but immortalized HMEC lines, HMEC and MCF-10A, respectively, in the study. Smurf2 expression was decreased in MCF10A cells comparing to that of HMEC cells, which is consistent with a previous observation that immortalization prevents induction of Smurf2 (12) . Surprisingly, Smurf2 was strongly up-regulated in MDA-MB-231 cells (Fig. 1B) . In addition, a high level of Smurf2 was also detected in NCI/ADR-RES cells (Fig. 1B) , which were recently reclassified as a cell line derived from OVCAR-8 ovarian cancer cells (13) . In light of this, we expanded our study to several ovarian and prostate cancer cell lines, and found a high level of Smurf2 in three ovarian lines, IGR-OV1, OVCAR-3, and OVCAR-8, and in one prostate cancer line, DU145 (Fig. 1B) . Interestingly, in most of the cell lines examined in Fig. 1B 
To our surprise, the up-regulation of Smurfs in the above cancer cell lines was not followed by a concomitant change in the protein levels of Smad1, Smad2/3, or TGF-h type I receptor (Fig. 1B) ; all are established targets of Smurfs. Therefore, we compared the TGF-h signaling response between normal MCF-10A cells that express low level of Smurf2 and breast cancer MDA-MB-231 cells that express high Smurf2, and found that the TGF-h-induced Smad2 phosphorylation proceeded at a similar intensity and duration between these two cell lines (Fig. 1C) . In addition, the BMP signaling response was not decreased in MDA-MB-231 cells, although Smad1 protein level was lower in this line of cells, possibly due to the elevated expression of BMP type II receptor (Fig. 1C) . Previously, it was reported that prolonged TGF-h treatment leads to a decrease in total Smad2 and Smad3 levels in MDA-MB-231 but not in MCF-10A cells (14) . This regulation does not seem to be mediated by the elevated Smurf1 and/or Smurf2, as knockdown Smurf1 and/or Smurf2 expression using siRNA did not recuperate Smad2 and Smad3 levels in MDA-MB-231 cells after exposure to TGF-h for 2 days (Fig. 1D) . These results suggest that the level of Smurfs is probably not a rate-limiting factor in determining TGF-h/BMP responses in breast cancer cells.
Elevated Smurf2 is required for the enhanced migration and invasiveness of MDA-MB-231 cells. It was reported previously that reducing Smurf1 expression induced cell rounding and resulted in a loss of membrane protrusion and cell motility in highly invasive and metastatic MDA-MB-231 breast cancer cells (15) . We observed a similar morphologic change in these cells after knockdown of Smurf2 expression. Staining the MDA-MB-231 cells that were transfected with Smurf-specific siRNAs for filamentous (F)-actin illuminated cortical actin instead of the typical actin-rich lamelipodial extension that could be readily detected in the control cells (Fig. 2A) . These findings suggest that Smurfs may have a role in regulating tumor cell migration and invasion. To confirm this, we assessed the ability of MDA-MB-231 cells to migrate through multiporous polycarbonate membrane or invade into Matrigel-coated membrane in transwell Boyden chambers, respectively. We found that reducing either Smurf1 or Smurf2 expression via siRNA greatly diminished the ability of MDA-MB-231 cells to migrate and invade (Fig. 2B-C) . These results suggest that the elevated Smurfs may be required for preparing cancer cells to migrate and invade, thereby promoting metastasis. Smurf2 promotes metastasis in vivo. To determine if indeed Smurfs play a role in the metastasis of breast cancer cells, we utilized a metastatic MCF10Ca1a cell system that was derived from a carcinoma arising from xenografts of activated HRastransformed MCF-10A cells (6) . MCF10Ca1a cells formed rapidly growing carcinomas in 7 to 10 days on xenografting and metastasized to the lung upon injection into tail vein (6, 11) . Expression of endogenous Smurf1 and Smurf2 in MCF10Cala cells did not change appreciably from the low levels in the parental cells (Fig. 3A) . To alter expression and activity of Smurf2, we created a stable line of MCF10Cala cells expressing NH 2 -terminal FLAG-tagged Smurf2 and a line expressing an E3 ligase-defective mutant of Smurf2 that carries a C716G point mutation (Fig. 3B) . The metastatic potential of these stable cells was tested in nude mice. Our results indicated that 88% (22 of 25) of mice injected with Smurf2-expressing cells developed lung metastases, compared with 68% (17 of 25) injected with cells carrying the empty vector (Fig. 3C) , and the numbers of histologically confirmed metastases per lung were also significantly higher in the experimental group with Smurf2-expressing (Fig. 3D) . In contrast, the percentage of animals with lung metastases was decreased in the group injected with Smurf2CG-expressing cells, with only 52% (13 of 25) of animals developing lung metastases (Fig. 3C ). In addition, there was a significant reduction in the number of metastases in the affected lungs of the group of animals injected with Smurf2CG-expressing cells (Fig. 3D) , suggesting a dominant negative inhibition. These results indicate that overexpressing Smurf2 enhances the ability of tumor cells to metastasize, whereas inhibiting Smurf2 function has the opposite effect.
Smurf2 promotes migration and invasiveness of MCF10Cala cells. Epithelial-to-mesenchymal transition (EMT) is a transient change in cell structure often associated with weaker cell-cell interactions and acquisition of motile and invasive properties of the cells (16) . The ability of tumor cells to metastasize in vivo is correlated with EMT, and increased migration and invasiveness, in which TGF-h has an enhancing role (16, 17) . MCF10Cala cells are highly malignant metastatic cancer cells, and TGF-h treatment did not cause any changes in E-cadherin or h-catenin expression in these cells (Fig. 4A) . However, the level of N-cadherin was significantly increased in response to TGF-h treatment (Fig. 4A) , consistent with a role of this nonepithelial cadherin in promoting breast cancer cell migration and invasion (18) . Overexpressing Smurf2 increased the level of N-cadherin in MCF10Cala cells even without TGF-h treatment, whereas overexpressing the C716G mutant had an opposite effect (Fig. 4A) . These results suggest that Smurf2 may promote EMT by up-regulating N-cadherin expression. Interestingly, these stable cells maintained a normal phosphoSmad2 response to TGF-h stimulation (Fig. 4A) , and altering Smurf2 expression did not affect TGF-h-mediated growth inhibition response as determined by thymidine incorporation assay (Fig. 4B) . We then examined the effects of Smurf2 and Smurf2CG on the migration and invasiveness of MCF10Cala cells in vitro. We found that significantly more MCF10Cala cells expressing Smurf2 migrated through the transwell membrane and invaded through Matrigel than control cells expressing empty vector, whereas much fewer cells expressing Smurf2CG migrated and invaded through (Fig. 4C-D) . These results correlate with the results of in vivo metastasis experiments, indicating that Smurf2 has an ability to promote breast cancer metastasis through increasing cell motility and invasiveness. 
Discussion
Smurf2 was originally identified as the Smad ubiquitin ligase that induces the ubiquitination and degradation of Smad1 and Smad2 (7, 19) . Smurf2 can also target TGF-h type I receptor for degradation (20) . However, the effect of Smurf2 in the TGF-h/Smad pathway seems to be lost in advanced metastatic breast cancer cells. It was also reported that Smurf1 does not interfere with Smad signaling in MDA-MB-231 cells (15) . Therefore, the regulation of Smurf1 or Smurf2 of breast cancer cell migration or invasion may be independent of TGF-h/Smad signaling. Interestingly, during neuronal differentiation, Smurf1 and Smurf2 coordinately regulate neurite extension and neuronal polarity through targeting RhoA and Rap1B, respectively (4). RhoA was also identified as a target of Smurf1 in breast cancer cells (15) . However, we did not observe significant down-regulation of RhoA or Rap1B activity in Smurf2-overexpressing MCF10Ca1a cells (data not shown). Studies are under way to define the target proteins regulated by Smurf2 in breast cancer cells. The identification of these targets should provide new insights into the function of Smurf2 in breast cancer progression and metastasis.
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